three residues seems to be common to all the serine enzymes and has become known as the 'charge-relay system'.
Its function is to transfer a negative (or partial negative) charge from the aspartic acid residue to the oxygen atom of the hydroxy group of serine. This obviously increases the nucleophilicity of the serine, but the important point is that the charge is developed in the absence of bulk solvent. It has been known for a long time that nucleophiles of the type OR are much stronger in aprotic dipolar solvents than in solvents to which they can form hydrogen bonds (of which water is the prime example). The reason is that the charge is not dispersed by hydrogen-bonding in aprotic dipolar solvents (for a review see Parker, 1969) . Hence the catalysis produced by chymotrypsin can be understood, at least in qualitative terms, by the generation ofcharge on the oxygen atom of the hydroxy group of the active serine in an essentially non-aqueous environment.
A somewhat similar device has been revealed by crystallographic studies of the acid proteinase penicillinopepsin (James et al., 1977 ). It appears that there is a single water molecule in the active site in close proximity to the substrate. This water molecule can lose a proton to a neighbouring aspartic acid residue and this, of course, generates a powerful nucleophile in an essentially non-aqueous environment.
To return to aspartate aminotransferase: a recent crystallographic study of the mitochondria1 enzyme from chicken appears to show that the prototropic rearrangements of the azomethine intermediates are controlled by the &-amino group of a single lysine residue and that this group acts as both proton acceptor and proton donor (Ford et al., 1980) . The enzyme used in this study comes from a source different from that used in the kinetic studies described above, but the similarity between the members of this family of enzymes suggests that a common mechanism is involved. It is now necessary to enquire how it arises that this amino group can act as such a powerful base. In aqueous solution amines catalyse the prototropic rearrangement of azomethines, but the effect is relatively weak. Presumably the explanation is similar to that given above for the proteolytic enzymes; namely that in the absence of a hydrogenbonding solvent the basicity of the amino group is enormously increased. There are certainly precedents for this; halide ions in water are virtually non-basic, but in aprotic dipolar solvents they act as powerful bases (Parker, 1969) . It would be interesting to study the catalysis of the rearrangements of the azomethine produced by amines in aprotic dipolar solvents, but as far as I know, such a study has not been made. It ought to be.
The notion that the &-amino group of a lysine residue is both a proton acceptor and a proton donor might appear at first sight contradictory, since the first requires that the group is a very strong base and the second that the protonated form is a very strong acid. A way out of this difficulty might be to note that if a carbanion intermediate is formed this, because of the distribution of charge over the triad system, would itself be a very strong base. Further study, particularly using isotope techniques, is necessary.
One may conclude that enzyme catalysis can be understood only if the microenvironment of the active site can be identified, together with its relationship to the reaction being catalysed (Doonan et al., 1970) . The sequence of events in the aminotransferase reactions is clearly complex. It is clear that conformational changes in the azomethine derivatives occur during the complete cycle, but these do not, by themselves, explain catalysis. We need to know about the physical organic chemistry of these reactions and about the microenvironment produced by the active sites. 
Cork, Ireland
The broad outline of the mechanism of action of aspartate aminotransferase (EC 2.6. I . 1) has been known for about 30 years (Braunstein & Shemyakin, 1953; Metzler et al., 1954) . Central to early developments in the study of this enzyme was the realization that the cofactor, pyridoxal 5'-phosphate, can catalyse transamination reactions entirely analogous to those of the holoenzyme. Banks et al. (1968) carried out a detailed kinetic analysis of the enzyme-catalysed reaction and of the model system involving transamination between the cofactors and natural substrates of the enzyme. It was shown that the rate-limiting prototropic rearrangement involved in each half-reaction was catalysed by 108-109-fold in the enzymic reactions compared with those in the model system. Fasella & Hammes (1967) , using fast-reaction kinetics, obtained similar values for the rate enhancements. This was one of the earliest cases where the degree of catalysis produced by the protein part of an enzyme was quantitatively determined. The question obviously arose as to the origin of the catalytic effects both in terms of which amino acid residues in the protein act as proton acceptors and donors in the prototropic rearrangement, and more particularly why these processes are so fast.
The latter question in particular relies for its solution on determination of the three-dimensional structure of the enzyme (Doonan et al., 1970) . As an essential prerequisite for crystallographic work we embarked some years ago on the determination of the primary structure of cytosolic aspartate aminotransferase from pig heart. This collaborative venture has developed to include sequence analysis of the mitochondrial isoenzyme from the same source, and of both isoenzymes from other animal species.
Sequence analysis of pig heart aspartate aminotransferases Cytosolic aspartate aminotransferase from pig heart is a dimer of identical monomers. The amino acid sequence as reported by Doonan et al. (1975) is given in Fig. 1 . The amino acid sequence was determined by classical methods of proteolytic degradation, peptide isolation, and sequence analysis by the dansyl-Edman method. Because of the large size of the monomer (412 amino acid residues) several digestion procedures were required to obtain overlapping peptides, involving use of trypsin, pepsin, thermolysin, elastase, chymotrypsin and also CNBr. An important element in the final solution of the structure was the use of a proteinase from the fungus Armillaria mellea. The proteinase was claimed to be specific for lysine residues (Walton et al., 1972) , cleaving polypeptides on the amino side of them. This specificity was confirmed in our work (Doonan et al., 1975) , except that cleavage also occurred on the carboxy side of three arginine residues in all cases at sequences ArgLeu or Arg-Ile.
After completion of the work described above, we decided to determine the structure of the mitochondrial isoenzyme of aspartate aminotransferase from the same source. The main impetus for this was that, at that time, there was no pair of cytosolic and mitochondrial isoenzymes for which comparative structural analysis had been carried out. The first requirement was to develop a large-scale method for isolation of the mitochondrial isoenzyme. It seemed preferable to use a method not involving isolation of intact mitochondria. Instead we exploited the considerable charge difference between the two isoenzymes by passing the clarified and dialysed total cell homogenate through a column of CM-cellulose under conditions where the mitochondrial isoenzyme is retained and the cytosolic isoenzyme passes straight through; the two isoenzymes can then be purified separately (Barra et al., 1976) . This method is of general applicability and has been used, with minor modifications, to purify the two isoenzymes from horse heart, rat liver and mouse liver as well as from pig heart (Porter et al., 198 la) .
The approach to sequence analysis of the mitochondrial isoenzyme was essentially similar to that for the cytosolic form. Digestions were carried out with trypsin, thermolysin, chymotrypsin, pepsin and the proteinase from A . mellea. Digestions with thermolysin and pepsin yielded peptides containing 98.5% of the amino acid residues in the protein, but many of them were in very small fragments which could not be unambiguously overlapped (Barra et al., 1979~) . To overcome this problem, a limited digest with pepsin was performed. The peptide mixture obtained was extremely complex, since many peptide bonds were only partially hydrolysed; this, however, had the compensation that the families of peptides obtained from particular regions of the
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Fig. 1. Primary structures of cytosolic and mitochondrial aspartate aminotransferases from pig heart
The upper line gives the sequence of the cytosolic isoenzyme and the lower line that of the mitochondrial form. Gaps have been left in the latter to maximize sequence identity. Identical residues are enclosed in boxes. Substitutions underlined could have arisen by single base changes. For the one-letter code, see, e. g., Biochem. J. (1969) 113, 1 4 . structure contained internal overlaps which contributed very significantly to solution of the primary structure (Barra er al., 19796) . The final structure obtained (Barra et al., 1980) showed the protein to consist of 401 amino acid residues, i.e. 1 I residues less than the cytosolic forms.
Comparison of the structures
The amino acid sequences of both isoenzymes are shown in Fig. 1 in the standard one-letter notation [see, e. g., Biochem. J . (1969) 113, 1-41 . The sequence of the mitochondrial isoenzyme has been aligned with that of the cytosolic form in such a way as to maximize identities between the two; this necessitates leaving gaps at positions 1, 2,64, 125, 126, 13 I , 132, 154, 407, 41 1 and 41 2 in the mitochondrial isoenzyme, where the numbering refers to the sequence of the cytosolic form. The number of identical residues (enclosed in boxes) is then 194, or 47% of the structure. Of the amino acid substitutions, I28 could have originated from single base changes (underlined in Fig. 1) . It is thus immediately apparent that the cytosolic and mitochondrial isoenzymes arose by divergent evolution from a common ancestral gene. This topic will be returned to below.
A comparison has also been made of the predicted secondary structures of the two isoenzymes by using a variety of predictive models (Barra et al., 1980) . Individual predictive models suggested a very high degree of similarity in the secondary structures. For example, by using the model proposed by Robson & Suzuki (1976) , the mitochondrial and cytosolic isoenzymes were predicted to contain 45% and 400i of a-helix respectively, and substantial amounts of the helixes were located in identical positions in the two proteins. The high degree of similarity between the two isoenzymes in terms not only of secondary structure but also of overall folding of the polypeptide chain has now been placed on a firmer basis by crystal-structure analysis of the proteins from chicken (Borisov et al., 1980; Ford et al., 1980) .
Residues inidiud in rn:yme actirity
Availability of the primary structures of the isoenzymes did not in itself contribute greatly to an understanding of the mechanism of catalysis by aspartate aminotransferase. Lysine-258 was identified as the cofactor-binding site in both isoenzymes, but attempts to locate other amino acids involved in substrate binding or catalysis met with little success. Indeed, some incorrect conclusions were reached. Tyrosine-40 in the cytosolic isoenzyme was implicated in catalysis on the basis of reaction with tetranitromethane and consequent loss of catalytic activity of the enzyme (Polyanovsky et al., 1972) . Similarly, histidine residues were thought to be involved in catalysis (Peterson & MartinezCarrion, 1970) . Subsequent evidence (see below) shows these conclusions to be incorrect.
As stated above, crystal-structure analysis is essential for an understanding of enzymic catalysis, but early attempts to obtain crystals of pig heart aspartate aminotransferases in forms suitable for X-ray crystallography were unsuccessful. Arnone et al., (1977) have now successfully crystallized the cytosolic isoenzyme from pig heart and are determining its structure. Work is, however. more advanced on the structures of the cytosolic and mitochondrial isoenzymes from chicken (Borisov et al., 1980 : Ford et al., 1980 Harutyunyan et al., 1982; Jansonius rt al., 1984) ; primary structure analysis of these proteins is now also complete (Shlyapnikov et al., 1979; Christen et ul., 1984) .
As a result of the work cited above, a picture of the active sites of cytosolic and mitochondrial aspartate aminotransferases is beginning to emerge. Interestingly, each active site is formed by amino acid residues from both subunits. It seems that residues arginine-386 and arginine-292* (where the asterisk indicates an amino acid from the other subunit) participate in substrate binding; the involvement of arginine-292 is supported by studies of chemical modification in the case of the mitochondrial isoenzyme (Sandmeier & Christen, 1982) . The main candidates for the role of proton donor and acceptor are lysine-258 or tyrosine-70*, with the former more likely. There is no evidence for involvement of histidine residues or of tyrosine-40 in the processes of substrate binding or catalysis. This topic will not be dealt with in detail, since it is covered in an accompanying paper (Jansonius et al., 1984) ; suffice it to say that the combination of primary-structure analysis and X-ray crystallography promises to yield detailed insights into the mechanism of catalysis by aspartate aminotransferases.
Evolution of the isoenzymes
The results given in Fig. 1 show that cytosolic and mitochondrial aspartate aminotransferases arose by divergent evolution from a common ancestral gene. A point of particular interest relates to the rates of evolution of the two isoenzymes. Given that the mitochondrial isoenzyme is synthesized in the cell cytosol and subsequently translocated into the mitochondria, then it might be expected that there would be extra constraints imposed on its structure compared with the cytosolic form (Doonan, 198 I) . Immunochemical comparisons of isoenzymes from different species suggest that this is so (Sonderegger & Christen, 1978; Porter et al., 19816) ; mitochondrial isoenzymes are more closely related immunochemically than are the cytosolic forms. Quantitative measurements of immunochemical relatedness by using micro-complement fixation were reported by Sonderegger & Christen (1978) , and the results suggested that, since the emergence of the mammals, cytosolic aspartate aminotransferase has evolved twice as fast as the mitochondrial form. The results for the isoenzymes from pig, horse and chicken are given in Table 1 . This conclusion is not, however, borne out by direct sequence analysis (Table I) . For both the horse and chicken, the percentage identity of sequence of the cytosolic isoenzymes compared with that of pig is very similar to that of the mitochondrial form, contrary to the predictions from micro-complement fixation. Hence the picture emerges of a very similar rate of evolution of the cytosolic and mitochondrial isoenzymes at the level of total amino acid sequence.
The apparent conflict between results from immunochemical comparisons and from sequence studies can be resolved on the assumption that certain restricted regions of the mitochondrial isoenzymes have been particularly highly conserved during evolution, and moreover that some at least of these regions are antigenic (Doonan, 1981 (1981) to predict the most likely antigenic sites in mitochondrial and cytosolic aspartate aminotransferases. The three most likely sites in the mitochondrial isoenzyme were completely conserved in all species for which structures are available, whereas none of the three most likely sites was conserved in the cytosolic isoenzymes. Similarly, Christen et al. (1984) have compared the sequences of the mitochondrial isoenzymes from pig and chicken and the cytosolic isoenzymes from the same two species and identified amino acid residues which are specifically conserved in the mitochondrial but not in the cytosolic forms (i.e. positions for which mitochondrial pig = mitochondrial chicken # cytosolic pig # cytosolic chicken); 36 such residues were found, a very high proportion of which were basic. Significantly these specifically invariant residues occur in surface regions of the molecule remote from the active site. It is tempting to assume that these surface regions, which have been highly conserved in the mitochondrial but not in the cytosolic isoenzyme, are important for the process of import of the former into the mitochondria.
